Summary. In teleost fish, the whole of the processes involved in the formation of spermatozoa and their release and in fecundation are extremely diverse.
Spermatogenesis and spermatology of some teleost fish species ( 1 ) R. BILLARD Station de Ph ysiologie animale, /. N. R. A., 78350 Jouy-en-Josas, France. Summary. In teleost fish, the whole of the processes involved in the formation of spermatozoa and their release and in fecundation are extremely diverse.
Two main types of testicular structure are distinguished : a tubular and a lobular. The organization of the lobules and genital duct structure is very diverse in the latter type.
Spermatogenesis can be continuous, as in guppy, discontinuous with overlapping cycles, as in carp, or show well separated cycles as in trout.
Spermiogenesis shows increasing degrees of complexity, leading to the formation of extremely simple spermatozoa as in carp (spherical head, very little nuclear histone transformation, very simple mid-piece with untransformed cytoplasmic and mitochondrial remains) or much more complex spermatozoa as those of guppy (elongated head, histoneprotamine transformation, transformation of the centriolar complex in the deep nuclear notch, very developed mid-piece with glycogen stores).
Spermatogenetic production is extremely variable (GSI : 0.1-10 % ; annual production : 1 .10 $ to 7.10 9 spermatozoa/g body weight). Spermiation yield varies according to species but also within the same species (20-90 % in 
trout).
The endocrine model of spermatogenesis and spermiation is very different in carp and trout. The main environmental factor influencing spermatogenesis is photoperiod in trout and temperature in carp ; spermiation depends on temperature in trout and on social environment as well as temperature in carp.
Sperm physiology (survival time in vivo and in vitro, motility time, metabolism) is very different in the several species studied. Two groups with a fundamentally different physiology (internal or external fecundation), sperm biology and morphology (structure of testis and spermatozoon) can be grossly distinguished. These groups are fish with lobular testes (guppy) and those with tubular testes (teleosts).
Introduction.
The reproductive function in male teleosts is original in several ways.
1. There is a wide variation in the amount of spermatozoa produced. This is indicated by the increase in testicular weight at the same time as body weight ( 1 ) This paper reviews the personal work of the author and co-workers ; their articles are noted in parenthesis in the text and given in a list at the end. (fish growth is a continuous or subcontinuous process) ; testicular weight is usually expressed as a percentage of empty body weight or as gonadosomatic index (GSI). In annually reproducing species this gonad growth reaches 5 to 10 % in salmonids (Hiroi and Yamamoto, 1968 Yamamoto, , 1970 and cyprinids (Solewski, 1957 ; Weil, 1981 ), 2 to 3 % in pike (Medford and Mackay, 1978) and 0.2 to 2 % in various tilapia (Peters, 19711 . Spermatogenetic production has been studied in detail in only a small number of cases (Turdakov, 1968) , but since spermatozoa constitute the majority of cells in the mature testis, testicular weight is thought to be a good criterion of the quantity of spermatozoa produced. It is therefore evident that spermatogenetic activity varies greatly from one species to another. The reasons for these differences are not clear and they have been little discussed by authors, even in recent reviews on spermatogenesis (Nagahama, 1983) . Other than aspects of quantitative production, it is necessary to consider sperm quality and the true amounts of spermatozoa available for fertilization. 2 . The periods during which spermatogenesis occurs differ widely as well as the time at which the gametes are released (review by . It is supposed that spermatogenesis is continuous in male guppies in the laboratory because females seem to be gravid all year long (Rosenthal, 1952 ; Billard, 1966) . In nature, spermatogenesis is seasonal in temperate zone species ; Atlantic salmon (Jones and Orton, 1940) , brook trout (Henderson, 1962) and pike (Lofts and Marshall, 1957) show spermatogenesis in summer and the sea-bream in spring (Papadopol, 1962) . In some cases, spermatogenesis may begin in autumn and finish in spring as in the stickleback (Craig-Bennett, 1931 ) ; it appears to also be seasonal in some subtropical and tropical species ( 3. The modes of reproduction are very diverse. This question has been reviewed in detail by Breder and Rosen (1966) . Some species are viviparous and have internal fecundation, while other more numerous species present external fecundation in very diverse media (fresh water, salt water, briny water) where the gametes are subjected to considerable osmotic shock. Laying and incubation substrates (grass, algae, gravel) also vary. The male sometimes incubates the eggs. Reproductive behavior is very diversified ; some species spawn in couples, while others spawn in groups. This variety of reproductive modes is often associated with important body changes (permanent or temporary) or with endocrine adaptation directly related with the reproductive function. The hippo-campus male, which incubates the eggs, presents changes in tegument due to specific endocrine determinism (Boisseau, 1967) . These general observations, usually based on field work, seldom contain any detailed analysis of the dynamics of spermatogenesis or spermiation or of the quantity and biology of the spermatozoa involved in reproduction.
The present work uses several freshwater species of the temperate zone, such as salmonids and cyprinids, as examples and describes and quantifies the formation, release, morphology and viability of their spermatozoa. These species will be compared with the guppy, a tropical species which reproduces continually. Spermatogenesis, its endocrine regulation and sperm biology will be analysed using some examples to illustrate widely diverse modes of reproduction. We shall also define the positive and negative environmental factors that determine the times of the year at which spermatogenesis and spermiation occur in the species studied. The literature on spermatogenesis in teleost fish will not be exhaustively reviewed here ; readers are referred to several recent reviews on this subject which summarize the state of the art (Grier et al., 1980 ; Grier, 1981 ; Brusl6, 1982 ; Nagahama, 1983 ; Fostier et al., 1983 ; Stoss, 1983 ; Van Thienoven, 19831 .
The aim is to better understand the regulatory mechanisms initiating seasonal reproduction and the emergence of juveniles at the same time that qualitatively and quantitatively suitable food supplies become available in the environment.
1. The morphological and dynamic aspects of spermatogenesis 1.1. Testis morphology.
The morphology of the testis has been studied macroscopically (1) and microscopically (2) . The testis is usually paired but the two lobes may be partially fused, as in perch, or totally fused, as in guppy. Two types of testicular structure are distinguished.
1.1.1. Tubular type (guppy) (1) (1) (fig. 4) (10) , shows an extremely developed mid-piece formed during spermiogenesis at the same time that the nuclear head elongates along with the microtubular structures. During elongation, dense chromatin elements appear in the nuclear periphery which correspond with the appearance of protamine in the nuclear proteins (11) .
Glycogen particles are visible in the mid-piece (12) .
In trout, the nucleus elongates slightly as the chromatin becomes more dense (13) . The centriolar complex changes little (14) and the mid-piece is reduced to a ring-shaped mitochondrion (13) (14) (15) . A septum appears in the A microtubule of some doublets (16) . The spermatozoon head shows symmetric revolution.
Spermiogenesis in carp and pike is very brief ; the sperm head generally remains spherical with the flagellum inserted on one side of the sphere by an unmodified centriolar complex. The mid-piece is reduced (14) . An original type of spermiogenesis has been described in the eel (17) where the nucleus elongates greatly and a mitochondrion is found in the anterior part of the sperm head.
In conclusion, fish spermatozoa, even when very complicated as in guppy, are primitive compared with those of higher vertebrates ; the chromatin is less transformed and condensed and the mid-piece is very reduced. (24, 25) . The situation is similar in roach ( fig. 7) (26) , tench (27) and pike (28) (29) (30) (31) (32) (32) and optic density (33) , are measured during the reproductive period in trout (30, 31) and pike (32) . In both species, the total number of spermatozoa collected is much lower than spermatogenetic production ( (4) and the total disappearance of all germ cells, except GA's and spermatozoa, within four weeks (45) . A milder inhibitory treatment using methallibure showed that higher levels of gonadotropic hormones were needed to maintain spermatocytes and spermatids than to maintain GB's (46). Spermiogenesis did not require the presence of GTH (45) . Some experiments on maintenance or restoration after hypophysectomy or methallibure treatment have shown that spermatogenesis is completely restored (45) by carp total pituitary extracts (47) (48) and by a highly purified gonadotropic factor (49) . In goldfish, preparations of cyprinid crude pituitary gonadotropins seem to be more active than those of salmonids, suggesting specific zoologic activity (44) . Mammalian gonadotropic hormones have no effect on spermatogenesis in goldfish ; the GSI has been only partially maintained with HCG, but this hormone has no effect on the germ cells themselves. Testosterone in the form of propionate may maintain spermatogenesis after hypophysectomy but the dose varies with the stage : 1 to 10 pg per injection are enough to maintain the GB's but 200 pg are needed for meiosis and spermiogenesis (45 (57) . This experiment shows that the anti-androgens had a direct effect on the gonad before spermatogenesis was established. The effects of the gonad on the central level could thus vary during the annual cycle.
In trout juveniles several months old and weighing more than 10 g, the testis reacted to a sGTH injection by producing testosterone and 11-KT. At the same time, the pituitary level of GTH increased ; this did not occur in the castrated controls (58) . Intraperitoneal implantation of testosterone, E 2 and cortisol in juveniles also caused a rise in pituitary GTH (59, 60 (59) .
The sites and modes of the action of steroids and other gonadal factors have not been studied in detail. In the case of cortisol, the effects differ with the administration site : intraperitoneal injection to juvenile trout has no effect on the rise in pituitary GTH, contrary to an intrapituitary implant (59) . Testosterone and E 2 are effective in both cases (59) . (52) . The social environment is also important. In goldfish, GTH levels and spermiation are stimulated after the males are put with females (66) . The same is true for carp.
In rainbow trout, spermatogenesis occurs within a wide temperature range (8-18 °C) (67, 68) , but needs a well-defined photoperiod as, for example, a regime decreasing from 16L : 8D to 8L : 16D in 6 months (68, 69) . During spermiation, environmental requirements seem to be the opposite ; the photoperiod has no effect while at rearing temperatures of 15-18 °C the volume of released sperm is lower than at 10 °C (67) . When the temperature is raised from 10 to 18 °C ; heat shock causes a considerable rise in plasma GTH but spermiation is not intensified ( fig. 10) (83) as well as sperm fitness for storage and deep-freezing (84) . cAMP stores, motility time and fitness for storage and deep-freezing also decrease in trout at the end of spermiation.
Moreover, at the onset of spermiation, the fertilizing ability of the spermatozoa is different at various genital tract levels ; this ability is higher in the spermiducts than in the testes (82) . This would support the hypothesis of extratesticular maturation ; it should be noted that the more concentrated intratesticular spermatozoa are not « protected » by the seminal fluid (see below).
3.2.4. Effect of dilution medium composition. &horbar; Experiments on spermatozoa washed in potassium-rich (50 mM) media to prevent the initiation of motility have shown that elimination of the seminal fluid and washing causes a decrease in fertilizing ability (85, 86) . This process is amplified even more if the ova are also washed (87) . It is thus evident, at least in trout, that the seminal fluid besides immobilizing the spermatozoa also protects them. The levels of minerals and amino acids in the seminal fluid of trout (88, 89) and carp (90, 91) show wide species differences and very original compositions ; the amino acid levels of the seminal fluid are almost 400-fold higher in carp than in trout. It has been experimentally proven that adding BSA to the saline solutions enhances trout sperm survival and allows an increase of the dilution rate, i.e. that each ovum can be fertilized using fewer spermatozoa (86) . In carp, in which sperm motility is inhibited by the osmotic pressure of the seminal fluid, the osmotic contribution of the mineral fraction alone is not enough because sperm motility can be initiated in a saline solution that re-constitutes the mineral composition of the seminal fluid. To obtain total inhibition the osmotic contribution of the peptide part must be added.
The oxygen level of the medium is also important in sperm survival, at least in salmonids. Although the respiration of both immotile and motile spermatozoa is low, in vitro storage under 0 2 prolongs the conservation time (92, 93) . Furthermore, spermatozoa do not survive in the genital tract for more than several hours after a male rainbow (94) (99) . At 0-5 °C, the in vitro storage time of the spermatozoa is prolonged (76) . High intermale variability in sperm reponse to temperature is without doubt related with differences in sperm quality (67, 80, 99 The addition of theophylline to the dilution medium may prolong motility and fertilizing ability (105) , but this type of motility is similar to the residual motility observed after 30 sec with low flagellar beating frequencies ( fig. 11 ). ).
Conclusions.
The gametes of freshwater species with external fecundation are released into a particularly hostile medium. In a few minutes, the spermatozoon is hydrated so that its plasma membrane may rupture. The egg, however, is protected against hypo-osmotic shock by the cortical reaction related with ionproton exchange that renders the plasma membrane-chorion-perivitelline space complex impermeable. This process also blocks the micropyle in several minutes, making further fecundation impossible. As (Nagahama, 1983 (1982) . Michibata (1975) distinguished stem (3-4 11 m) and differentiated (5-10 ym) spermatogonia.
Primordial germ cells or undifferentiated gonocytes present in adults might multiply many times, more than the spermatogonia whose number of divisions is better defined.
While overall cell morphology is comparable among species up to the spermatocyte stage, notable differences appear at spermiogenesis. This point has been thoroughly discussed (Billard, 8, 10, 13) in relation to the final morphology of the spermatozoon and its physiology (see below). The degree of chromatin condensation and of nuclear change is more marked when spermiogenesis is complicated. The significance of these structures is still not well known.
it is necessary to question the resistance of the sperm structure to manipulation. For example, it has been shown that after deep-freezing, the chromatin of trout spermatozoa is modified. This may be why a large number of carp motile spermatozoa lose their fertilizing ability after deep-freezing, and it is not sure that these alterations would not cause chromosome anomalies in the progeny.
The most complex spermatozoa with an elongated nucleus and developed mid-piece are not found exclusively in species with lobular testes ; they also occur in other groups such as Cymatogaster aggregata, a viviparous perciform. Gardiner (1978a) studying this species concluded that the elongated head and mid-piece were specialized for internal fecundation. In the anterior part of the spermatozoa, specialized areas have been described in some species such as viviparous Xiphophorus helleri in which lectins are specifically bound at an exact point in the plasma membrane having a glycocalyx that adheres closely to the nuclear envelope (Jonas-Davies et al., 1983). These lectins, concanavalin A and Ricinus communis, indicate the presence of D-mannosyl and D-galactosyl residues. The plasma membrane of trout spermatozoa is also closely apposed to the nuclear envelope which itself adheres to the chromatin lamina inside the nucleus (131. The specialized area probably represent sites at which the membrane fuses at fecundation. This type of plasma membrane anchorage to the nuclear envelope, observed in trout, may also represent an adaptation to the mode of fertilization in which the spermatozoa rest a short time in the water ; the anchorage would prevent the plasma membrane from detaching from the nucleus after hypoosmotic shock.
The fish spermiduct appears to have a composite structure. The free, wellindividualized part between the testis and the genital papilla is thought to be a neoformation originating in the urogenital area, while the intra or juxtatesticular part which varies in morphology and position is not very structured, being a testicular area with no germinal epithelium (Grier et al., 1980) . In carp, Dragotoiu (1963) reported that the two spermiducts met between the intestine and the urinary bladder in a single short tube having no musculature but a common outlet with the urethra. This poses the question of the mode of « ejaculation » and of a putative urinary sperm supply.
Due to its limited extension, the carp spermiduct is not as well developed for storage as in trout. However, in the goldfish, another cyprinid, ventral extensions of the juxtatesticular part of the spermiducts have been interpreted by Takahashi and Takano (1972) as a sperm reservoir. Besides the function of sperm storage attributed to spermiducts, the literature also mentions the function of residual spermatozoon resorption (Hayashi, 1969) and the secretion of protein-like seminal material (pH 6.5 ) that contributes to spermatophore cohesion in the viviparous fish, Cymatogaster aggregata (Gardiner, 1978b). After transfer into the female genital tract, the spermatozoa dissociate from the spermatophores when the pH is higher than 7.3-7.9 and they are in the presence of ovarian fluid (Gardiner, 1978b) . In view of results obtained in trout, spermatophore dissociation in C. aggregata may be due to the initiation of sperm motility due to the higher pH.
The spermatozoa of viviparous species are transferred directly into the female genital tract and seem to have no contact with the exterior medium. Specialized structures at the anal fin (gonopod) consit of a simple groove in species where the spermatozoa are grouped into spermatozeugmas or spermatophores and of a real tube in species where the spermatozoa are free, as in the atheriniform, A. anableps (Grier et al., 19811 . Thus, the spermatozoa of viviparous fish are not necessarily grouped together but when they are free, the transfer structures in the gonopod are more elaborate. Atheriniform testes (« unrestricted » or tubular) can also produce free spermatozoa. Moreover, viviparous species, such as C. aggregata which is a perciform, are found in other groups than atheriniforms.
The reproductive cycle includes two main events, spermatogenesis and spermiation, that appear to differ greatly as to length, endocrine determinism and modulating environmental factors, the two latter being subject to family variation. Spermatogenesis and spermiation and, more generally, gametogenesis and gamete release-fecundation, can occur continuously as associated events or, on the contrary, as events separated by a more or less long time interval and thus dissociated. Some of the species studied may be included in Crews' (1984) (Dushkina, 1973 (Peters, 1971 (Kime, 1979) 
